Abstract-At KIT, a modular 170 GHz, 2 MW TE34,19-mode coaxial-cavity gyrotron with advanced water cooling is ready for tests. The successful operation of this tube will be a first important step towards a possible future DEMO gyrotron. Nevertheless, looking forward, there are two questions to be answered: (i) what potential does the existing coaxial cavity offer with regards to MW-class multi-frequency operation also at higher frequencies, and (ii) what could be a different mode selection to achieve an even higher output power in a more compact gyrotron design. To provide an answer to (i), based on the 170 GHz, 2 MW preprototype the multi-frequency operation at multiples of the resonance frequency of the diamond disc RF output window was carried out. Additionally, a slightly modified cavity design was introduced. To answer the question (ii), the TE25,22-mode was chosen and compared with the results got for the TE34,19-mode. The extreme volume TE25,22-mode allows to reduce the beam radius by around 25 % and to increase the RF output power of the gyrotron by up to 30 %.
I. INTRODUCTION
Gyrotrons are the only microwave sources producing a megawatt-level RF output power in the sub-THz frequency range. Therefore, gyrotrons are the only option to be used for efficient electron cyclotron resonance heating and electron cyclotron current drive (ECRH&CD) in nuclear fusion devices. For example, at the stellarator W7-X, fusion gyrotrons operating at 140 GHz and at 1 MW (1800 s) have already demonstrated their excellent reliable performance [1] . In Europe, the major fusion power plants under development are ITER at Cadarache [2] and EU DEMO (Demonstration Power Plant) [3] . The EU DEMO, planned as next step after ITER is under development within the Horizon2020 EUROfusion program.
The first version of the EU ITER gyrotron will use the conventional hollow-cavity technology. The operating mode was chosen to be the TE32,9-mode [4, 5] . An issue of the hollowcavity technology is the increasing mode competition with increasing operating mode order. Operation in high order modes is necessary when higher power and frequency is targeted. Coaxial-type cavities including a corrugated inner conductor reduce mode competition, and, additionally, the voltage depression caused by the space charge of the electron beam [6, 7] . Hence, the coaxial technology is preferred in EU for multi-MW fusion gyrotrons. Experimental results of the KIT modular coaxial-cavity pre-prototype gyrotron show an output power of above 2 MW at 170 GHz in short-pulse operation (millisecond range) [8] . In the meantime, this preprototype has been modified for longer-pulse operation at 2 MW output power with pulse lengths up to 100 ms as the first step, and towards 1 s at a later second step. The modifications focussed primarily on introducing an advanced cooling system [9] . In parallel, a new inverse magnetron injection gun (IMIG) is also ready for testing [10] . The design parameters for the coaxial-cavity pre-prototype are summarized in Table I . The most important technological constraints, which influence the choice of the operating mode and parameters are shown in Table II [11, 12] . The basic construction of the 2 MW coaxialcavity gyrotron is shown in Fig. 1 . As can be seen, the design parameters specify operation at a single frequency of 170 GHz. The operating TEmp-mode in gyrotrons which are capable for output powers in the MW range has to be volumetric. The definition of volume modes is given in [13] by the condition of an azimuthal mode index of m >> 1 and transversal mode index of p > 2, e.g. TE34,19-mode. These volume modes reduce the cavity loading and could be developed for smaller beam radii, which could lead to a more compact gyrotron design and thus, a reduced warm borehole diameter. At KIT a suitable extreme volume mode is calculated for the given IMIG [10] in terms of a beam radius of below 8 mm.
This paper is structured in the following way: Section ǿǿ introduces the selection of the modes for multi-frequency operation and presents the first simulation results. A slight modification of the cavity is performed to improve the output power at higher frequencies. Section III summarizes the results assuming an extreme volume-mode as new operating mode. A comparison of these two approaches including the ongoing investigations are presented in Section IV.
II. FEASIBILITY STUDY FOR MULTI-FREQUENCY OPERATION
The 170 GHz, 2 MW coaxial-cavity design is studied regarding the multi-frequency operation. A possible operation at 170 GHz, 204 GHz and 238 GHz (window resonances) is targeted. The aim of the study is to check if the actual working gyrotron can operate at the above mentioned frequencies without huge efforts in redesigning of new components. The condition for mode selection is given by a maximal deviation of ൏ ͵Ǥ Ψ in caustic radius compared to the one of the TE34,19-mode. This is the condition that the quasi-optical system can perform equally well at the different frequencies. The chosen operating modes are determined by the nominal TE34,19-mode at 170 GHz, TE40,23-mode at 204 GHz, TE48,26-mode at 237 GHz, and TE46,27-mode at 238 GHz.
Raising the frequency leads to a stronger mode competition due to a denser mode spectrum, which is exemplarily shown for Simulation of the realistic behavior are performed using EURIDICE [14] considering a kinetic energy spread ǻEkin = 0.2 % and using the realistic magnetic field of the existing superconductive magnet. Further, the simulations are made with a realistic alpha spread of ǻĮ = 20 % rms due to practical limitations of the magnetron injection gun (MIG) [15] . A velocity ratio Į = v٣Ȁv‫צ‬ of Į = 1.2 instead of Į = 1.3 was used to reduce the risk of unwanted parasitic oscillations, especially at frequencies above 200 GHz. EURIDICE offers the opportunity to simulate start-up scenarios while raising the accelerating voltage in a linear way. As an example, in Fig. 3 the adiabatic start-up scenario is shown for the TE40,23-mode. This graph is a typical scenario by raising the beam voltage. First the TE41,23-mode with an almost similar starting current compared to the nominal mode is excited and operates at 206.2 GHz in respect to Eq. (1). At 65 kV mode switching takes place and the nominal TE40,23 is excited till 73 kV. The output power at 237/238 GHz reach 1.02 MW and is limited by mode stability. The mode series TE34,19, TE40,23, and TE48,26 offer nearly identical relative caustic radii which implies the opportunity for the usage of the same quasi optical system.
In terms of multi-frequency operation, a comparatively equal output power at each frequency is desired. To this goal, the first modification is done by changing the length of the cavity in order to reduce the quality factor. The midsection length of the cavity is reduced from 16 mm (i.e. 9Ȝ0 at 170 GHz) to 13.6 mm ( §9Ȝ0 at 204 GHz). The insert loading constraint of 0.2 kW/cm 2 is exceeded by decreasing the interaction length further. The shorter cavity results in a decrease in cavity loading and therefore the nominal operation parameters can be adjusted for an increased output power to 2.05 MW at 204 GHz. In general, the water cooling of the KIT gyrotron prototype is expected to be further improved in the future and the constraint of the cavity loading could be relaxed. Simulations show that, the maximum stable output power at 204 GHz could be increased from 2.05 MW to approximately 2.35 MW at a cavity loading of 2.1 kW/cm 2 and 34.7 % efficiency. Further, the output power of the TE34,19-mode is decreased to 1.98 MW by shortening the cavity length and no change in the nominal operation parameters, which results in similar output powers at both frequencies. In Table IV the maximum achievable parameters are summarized in the brackets. In the next step the cavity will be modified further increasing the efficiency up to 35 %. Operation of gyrotrons with volume modes (i.e. modes with relative caustic radius Rc/Rcav < 0.5) is attractive because such modes have reduced ohmic loading of the cavity and require a smaller beam radius, which could lead to a more compact design in terms of the diameter of the electron gun. The coaxial concept favors the use of volume modes, since it reduces the associated voltage depression. The TE34,19-mode is already a volume mode (Rc/Rcav = 0.32). However, for the reasons mentioned above, the possibility of operation with an even more extreme volume mode is being investigated. Given that the coaxial insert cannot be infinitely small (for reasons related to robustness and cooling), a lower limit about 7.5 mm was considered for the beam radius. This triggered the search for possible operating modes with a relative caustic radius of the order of 0.25. In particular, based on an optimized design of an IMIG [10] a beam radius of 7.42 mm is targeted. The azimuthal mode index m = 25 has been found appropriate at the operating frequency of 170 GHz by using the known formula ߯ ିଵǡଵ ൌ ʹߨ݂ܴ ୠୣୟ୫ Ȁܿ. The modes TE25,22, TE25,23 and TE25,24 showed suitable output powers, while having similar eigenvalues compared to the nominal TE34,19-mode. The corresponding cavity radii are obtained through the formula ܴ ୭୳୲ ൌ ߯ ǡ ܴ ୠୣୟ୫ Ȁ߯ ିଵǡଵ , where the eigenvalue ߯ ǡ is defined by the p th root of the characteristic equation [5] . Since all considered TE25,p-modes showed almost similar output power, the TE25,22 has been selected, due to its lowest eigenvalue ߯ ଶହǡଶଶ ൌ ͳͲʹǤͻ (relative caustic radius 0.245) and thus the best potential for mode stability. This mode offers a reduced eigenvalue compared to the eigenvalue of the TE34,19-mode (߯ ଷସǡଵଽ ൌ ͳͲͷǤʹሻ. The usage of this mode results in changes of the gyrotron design, compared to the nominal mode. The smaller beam radius allowed by this mode reduces also the cavity diameter. In addition, the higher normalized field amplitude F of this ultra-volume mode requires a shorter cavity length to keep an equally high transverse efficiency Ș٣ [16] . The shorter cavity has a smaller diffractive quality factor, which further reduces the ohmic loading. The interaction length amounts to 14.4 mm and the outer radius is determined to 28.9 mm. On the other hand, care should be taken in order for the loading of the coaxial insert to remain within acceptable levels, given the smaller caustic radius of the mode. Figure 5 shows the corresponding ohmic loading of these two modes. The constraints of maximum cavity loading of 2.0 kW/cm 2 and insert loading of 0.2 kW/cm 2 are still maintained. In general, the choice of suitable dimensions for the inner rod is mandatory, due to its strong effect on the insert loading. The radius of the inner conductor is reduced to 5.57 mm instead of 7.5 mm. Therefore, thermomechanical simulations are necessary for evaluating the existing cooling system of the inner conductor.
IV. SUMMARY AND OUTLOOK
In this presentation, it is shown by simulation that the existing KIT TE34,19-mode coaxial-cavity pre-prototype gyrotron is capable of operation as a multi-purpose/multifrequency device. At the frequency of 170 (204) GHz, an output power of 2.3 (1.8) MW can be achieved. A small modification of the cavity would allow an output power of up to 2.78 (2.35) MW even. In next steps the cavity will be optimized regarding a higher interaction efficiency and output power. Secondly, the selection of a new extreme volume-mode as main operating mode is discussed for reducing the overall gyrotron diameter and further increased power at 170 GHz. This mode shows an increase in output power of approximately 30 % compared to the nominal TE34,19-mode. Besides the increased output power up to 3.2 MW, the reduced beam radius (typically 7.42 mm) could lead to a more compact gyrotron design. This new volume mode will be studied further towards 170/204 GHz multi-frequency operation. In the next step the simulations will become even more realistic by considering both the cavity and the non-linear up-taper as well as the precise electron beam parameters of the existing gun, as obtained via the code ARIADNE [17] . 
